In addition to the standard 447 nm blue emission from the InGaN/GaN multiple quantum wells, a high-energy shoulder is clearly observed in cathodoluminescence spectra of the high-efficiency InGaN/GaN blue light emitting diodes grown on sapphire substrates by metalorganic chemical vapor deposition. Monochromatic cathodoluminescence images of the samples measured at low temperature reveal a competition between the two emissions in the vicinity of the dislocations. The high-energy emission is dominant at the regions near the dislocation cores, while the blue emission is enhanced around the dislocation edges. The highenergy emission region is considered as a potential barrier that prevents the carriers for the blue emission from nonradiatively recombining at the dislocations.
Introduction
InGaN compounds have emerged as important semiconductor materials with applications for optoelectronic devices such as light emitting diodes (LEDs), laser diodes, and photovoltaics [1] . Despite the high dislocation density, blue GaNbased LEDs grown on sapphire substrates using InGaN/GaN multiple quantum well (MQW) active layers usually show a high internal quantum efficiency [2, 3] . Although there have been numerous proposals to explain this phenomenon, it still seems to be a controversial issue. The inhomogeneity of In composition and/or quantum well width in the InGaN/GaN MQW active layer that induces a potential fluctuation for carrier localization is usually considered to be one of the main origins of its high-emission efficiency [3] [4] [5] [6] [7] [8] [9] [10] . It is believed that a formation of In-rich quantum dots observed in the MQW regions induces the localized energy states that make the carriers recombine radiatively before they are capped by nonradiative recombination centers at the dislocations [4, 5] . However, there have been several experimental observations on the unwanted In-rich clusters in the InGaN/GaN MQW regions that can be formed by irradiation of a highenergy electron beam during the investigation of the MQW structures using a transmission electron microscopy [6, 7] . Even though some authors recently report that In clustering is not present in their as-grown InGaN QWs through the use of aberration-corrected electron microscopy below the knock-on threshold [8] , it is still difficult to conclude that large-scale compositional fluctuations do not occur in any InGaN/GaN MQW structure. In addition to the gross well width fluctuation observed in the entire QW region [9] , it is also considered that the formation of V-shaped pits at the threading dislocations induces the side-wall quantum wells with the reduced thickness and higher band gap energy [10] . These thinner wells can act as potential barriers around the defects, which keep carriers from nonradiatively recombining. Other reports, however, show that the V-shaped pits are filled in by a p-GaN during the growth of the top cladding layer at high temperature [11] , and side-wall quantum wells may be just interference fringes arising from lattice strain [12] .
Cathodoluminescence (CL) measurement is well known to be one of the powerful techniques for the investigation 2 Advances in Condensed Matter Physics of recombination processes in semiconductors. In addition, from its spatially resolved luminescence profile, one can estimate a dislocation distribution inside the sample without destructing its structure. There have been numerous researches on using the CL measurements to examine the properties of the GaN as well as InGaN/GaN MQWs [13, 14] . However, to the best of our knowledge, there have not been any reports on CL mapping of a high-efficiency InGaN/GaN blue LED structure with an additional high-energy emission. In this study, we (i) employ the CL measurement technique to investigate the optical and structural properties of the InGaN/GaN blue LED and (ii) correlate luminescence mapping results with the high-resolution transmission electron microscopy (HRTEM) and atomic force microscopy (AFM) observations to study the possible origin of its high quantum efficiency.
Experimental
The blue InGaN/GaN LED structure with an expected emission wavelength around 440 nm is grown by low-pressure metalorganic chemical vapor deposition (LP-MOCVD) on patterned sapphire substrates (PSS). It is well known that using a PSS for the growth of GaN-based LEDs can significantly improve the device performances [15, 16] . Prior to the growth of the LED structure, the hexagonal arrays of the hemispherical patterns with a diameter of 3 m are fabricated on the c-plane sapphire substrate using an ICP etching method. The detailed processes can be found elsewhere [16] . The LED structure includes a 30 nm lowtemperature GaN nucleation layer, 1 m undoped GaN, 4 m Si-doped n-GaN, six In 0.3 Ga 0.7 N/GaN MQWs, 20 nm pAlGaN electron-blocking layer, and an Mg-doped p-GaN top cladding layer of 0.25 m. Crystal quality and structural properties of the LEDs are examined by the high-resolution X-ray diffraction, HRTEM, and AFM. It is noted that our LED devices which are fabricated using the above InGaN/GaN MQW structure show an external quantum efficiency of up to 24.2% (light output power of 13.31 mW at 20 mA current injection). Taking into account a light extraction efficiency of about 40% for a similar LED structure as calculated [17] , an internal quantum efficiency of about 60% could be expected from our InGaN/GaN MQW structure. CL measurements are carried out to investigate the optical properties of the InGaN/GaN LEDs. The CL measurements are performed using a 10 kV electron beam with a Gatan MonoCL3+ system equipped with a high-sensitivity photomultiplier tube (PMT) (thermoelectrically cooled to −20 ∘ C) attached to a scanning electron microscopy (SEM) (S-4300SE from Hitachi). For TEM observations, bright-field TEM images and HRTEM micrographs are collected by using a JEOL JEM 2100 F system operating at 200 kV. active layer. GaN band-edge emission peak around 365 nm is difficult to be observed because it is too weak compared to that from the MQW. It is interesting to note that a clearly distinguishable high-energy emission shoulder which peaked at around 415 nm is observed in the CL spectrum of our InGaN/GaN LEDs. There have been a lot of reports on the additional higher-energy emission from the highefficiency InGaN/GaN MQW LED structures [10, 18, 19] . The origin of this emission peak, however, seems to be still unclear. O'Donnell et al. considered that the highly restricted solubility of In in GaN (less than 6% at typical temperature) leads to an InGaN active layer composed of quantum dots of nearly uniform composition (approaching InN) embedded in an In deficient matrix (In x Ga 1−x N, with < 0.06) [18] . Some authors believe that the high-energy emission comes from the InGaN/GaN MQWs with thinner well widths at the V-pit defect positions [10] . On the other hand, other groups concluded that this emission is from the stacking faults at the well/barrier interfaces in the MQW region [19] . Figure 2 shows a cross-section HRTEM image of the InGaN/GaN MQW region in the studied samples. The inset shows a large magnification of the 6 quantum wells. We observed smooth interfaces at the InGaN/GaN MQWs with their thickness and periodicity of approximately 2.5 and 6.5 nm, respectively, except at the positions of the threading dislocations (TD). The InGaN/GaN quantum well structures are not well-defined around TD area, which is similar to the observation of Sharma et al. [11] . Within the resolution limit of the HRTEM measurement, we have not observed any Vside wall InGaN/GaN quantum wells or stacking faults at the well/barrier interfaces. Figure 3 shows an AFM image of the InGaN/GaN LED surface. The V-pit defects with an average depth of 2.5 nm and density of about 9 × 10 7 cm −2 are observed on the surface of the samples. It is noted that this V-pit density is slightly smaller compared to the TD density estimated by using cross-sectional TEM as reported in [15] as well as our CL mapping observations shown below. It may be attributed to the fact that some V-shaped defects formed at the TD positions inside the LED structure had been filled in by a p-GaN as discussed in [11] . As a result, they become so shallow and cannot be detected by the AFM measurements even when we used a high-resolution scanning for a small area. Our HRTEM and AFM observations suggest that the origin of the high-energy emission in Figure 1 may be from other mechanisms but not from the V-side wall wells, the defects at the well/barrier interfaces, or the InGaN quantum dots as introduced in [10, 18, 19] .
Results and Discussion
We employed a CL mapping technique to investigate the origin of the high-energy emission in our InGaN/GaN LED structures. There are two ways in obtaining the CL signal from the specimen. One is panchromatic CL images that are formed by plotting integrated luminescence for the wavelength range (160-930 nm) of the PMT detector at each point of the electron beam irradiation. The other is monochromatic CL (mono-CL) images that only luminescence at particular wavelength is plotted by adjusting the spectrometer. Figure 4 shows the mono-CL images of the sample at room temperature corresponding to the two emission peaks in Figure 1 . It is difficult to find an obvious correlation between the high-energy [ Figure 4 (a)] and the blue [ Figure 4 (b)] emissions but we may conjecture that this is due to diffusion of electrons and generated-carriers at room temperature. To clarify the competitive relationship between the two emissions, we carried out the CL measurements at low temperatures by using a liquid N 2 to decrease the sample chamber temperature down to 77 K. From the lowtemperature CL spectra of the samples (not shown here), we also observed two strong emission peaks centered at around 418 and 446 nm. Figure 5 shows the SEM and mono-CL images of the LEDs recorded at the wavelengths corresponding to the peak emissions of the GaN, high-energy, and blue emissions from the InGaN/GaN MQWs. Although the V-pit defects on the surface of the sample are not able to be seen in the SEM image [ Figure 5(a) ], dislocations inside the LED structure can be observed in the CL images as in Figures  5(b)-5(d) . It is well known that the TDs in the GaN films usually act as nonradiative recombination centers and leave the dark regions in the CL images [13, 14] . The density of the TD in the sample is estimated to be about 1.5 × 10 8 cm
from the number of dark spots in Figure 5 (b). This value is well consistent with the dislocation density in the LED grown on the PSS observed by the TEM investigations [15] . . Intensity of the main blue emission is enhanced at regions which surround the high-energy emission areas as in Figure 5 (d). From our CL and TEM observations, we believe that this emission is from the vicinity of the dislocations in the LED structures. This may be attributed to the reduction of the quantum well thickness and/or the In composition near the dislocation positions. In fact, it is reported that there is an accumulation of In in the wells close to the dislocations, followed by depletion just outside the dislocation core and spike at the dislocations. Sometimes the In depletion outside the core is so severe that no wells can be seen in the TEM images [20] . It has been noted that when we use a laser lift-off (LLO) technique to remove the sapphire substrate and transfer LED structure to a metal carrier for the fabrication of a vertical LED structure, the high-energy emission from the vertical LED is dominant (compared to the blue emission) and its peak slightly shifts to a shorter wavelength. It is reported that defects and dislocations can be generated in the LED structure during the LLO process [21] . We thus consider that the high-energy emission may be mainly from the In depletion at the dislocation position. Then after the LLO process, the In diffusion is enhanced resulting in a dominance of the high-energy emission and its blue shift.
From above results and discussion, it is suggested that the high-energy area near the dislocation core acts as a potential barrier that prevents the carriers with smaller energy (for blue emission) from moving to the dislocations. The potential barrier is calculated to be about 230 meV from the CL spectra Advances in Condensed Matter Physics 5 of the LEDs, which is much higher than the thermal energy of the carriers at room temperature. As a result, the carriers related with the main blue emission may not pass through the potential barrier and recombine radiatively before arriving at the dislocations.
Conclusions
In summary, we used HRTEM, AFM, and CL mapping measurements to investigate the origin of the high-energy emission in the high-efficiency InGaN/GaN blue LEDs. The CL images of the sample at low temperature reveal that the high-energy emission is dominant in the vicinity of the dislocation core. It may be attributed to the reduction of In composition in the InGaN/GaN MQWs at regions near the dislocations. The high-energy area acts as the potential barriers that keep the carriers for the blue emission from being captured by the dislocations. Our proposed mechanism may support for the observed high internal quantum efficiency in the InGaN/GaN blue LED structure with a high dislocation density.
